ABSTRACT The substrate specificity of the EcoRI restriction endonuclease can be varied in vitro by changing the pH and the ionic environment of the reaction. Phosphodiester bond cleavage occurs at a DNA hexanucleotide sequence
d(N-T-T-A-A-N)' h nyai
activity responsible for this substrate recognition is referred to as EcoRI*. Cleavage of pVH51 plasmid DNA under EcoRI* conditions results in a number of partial digest fragments, some of which disappear slowly over a prolonged di- gestion period. This Type II restriction endonucleases and modification methylases are widespread in the microbial world. The substrate specificities of a number of these enzymes have been determined (1) (2) (3) (4) . The substrates are symmetrical DNA sequences of 4 to 6 nucleotide base pairs. The EcoRI restriction endonuclease and modification methylase recognize and enzymatically alter the symmetrical sequence d(N-G-A-A-T-T-C-N) (5, 6) where the arrows designate the d(N-C-T-T-A-A-G-N) positions of phosphodiester bond cleavage and the asterisks designate methylated nucleotides. These reactions occur at the level of duplex DNA, without involvement of cruciform or "hairpin" structural rearrangements of the polynucleotide strands (Greene et al., manuscript submitted).
Under conditions producing the maximum rate of endonucleolytic cleavage of unmodified DNA the EcoRI endonuclease yields limit digests (7) (8) (9) . Specific alteration of the standard EcoRI endonuclease reaction conditions reduces the substrate recognition of the EcoRI endonuclease to the tetranucleotide, d(N-TAT-A-A-N) In this paper we present a preliminary analysis of this activity, 'referred to as the EcoRI* activity of the EcoRI endonuclease.
MATERIALS AND METHODS
Strains and Plasmids. Escherichia coli strain HB129 was derived from an endonuclease I deficient E. coli 1100 (10, 11) . MB100 was derived from HB129 by transformation with the plasmid pMBl (molecular weight 5.5 X 106 daltons), which is similar to colicin El (col El) (12) except that it carries an additional 1.3 X 106 dalton piece of DNA containing the EcoRI restriction and modification genes (M. C. Betlach, unpublished observation). Strain MB101 was derived from HB129 by introduction of the pMB2 plasmid, which was derived from pMB1 by HindIII endonuclease digestion of pMB1 and removal of a fragment containing the EcoRI genes. Strain MV5 is a derivative of E. coli C600 and contains the pVH51 plasmid of 2.1 X 106 daltons (13) . Strain RY25 contains a mutant derivative of pMB1 which expresses an r-RI m+RI (host restriction and modification, respectively) phenotype (14) .
Enzymes and DNA. The EcoRI methylase was purified as described elsewhere (15) . The EcoRI endonuclease was purified by a modification of a published procedure (16) in which the DEAE-cellulose chromatography step is replaced by chromatography on CM-cellulose. The CM-cellulose chromatography was carried out as described for the EcoRI methylase purification (15) . EcoRI (19) by centrifugation to equilibrium in CsCl-propidium diiodide gradients. Simian virus 40 (SV40) DNA was purified as described previously (6) .
Other Procedures. Electrophoresis of DNA in agarose gels has been described (9, 16) . Gels were soaked in dilute ethidium bromide (1 jig/ml) and the fluorescing DNA was pho- The optimum conditions for this endonucleolytic activity, referred to as EcoRI*, were determined by qualitatively estimating the extent of cleavage of pMB1 DNA on agarose gels (e.g., see Fig. IB ). The EcoRI* activity was found to be optimal at 370, pH 8.5, 25 mM Tris-HOl, and 2 mM MgCl2. No other buffer [glycine-NaOH, N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (Hepes) and N-tris(hydroxymethyl)methyl-2-aminoethanesulfonic acid (Tes)] examined was more effective than Tris.HCl in the same pH range. Maximum EcoRI endonucleolytic activity is limited to the narrow pH range of 7.0-7.5, while the EcoRI* endonucleolytic activity is maximal between 8 and 9.5. At a pH of 10 .0 the EcoRI* activity is noticeably reduced. The EcoRI endonucleolytic activity is maximal over a broad range of ionic strength; 3-10 mM Mg9l2, 25-100 mM Tris-HCI, and 50-120 mM NaCl, while the EcoRI* endonucleolytic activity is evident over a narrow range of ionic strength, being maximal at 2 mM MgCl2 (Fig. 1B) pdT, 800 cpm, (0.3%)]. One-and two-dimensional separations of small terminally-labeled oligonucleotides generated by pancreatic DNase digestion were performed to determine the 5'-terminal sequence at the EcoRI* cleavage site. These data (Fig. 3) show that the EcoRI* recognition site has the unique sequence d(pA-A-T-T) followed by degeneracy in the fifth position.
A minor related sequence is observed in the homochomatograms of EcoRI*-cleaved pMB1 DNA (Fig. 3c) . This sequence may be d(pA-T-T-N). For 3.5 , and homochromatography in homomixture C consisting of a 3% solution of 30-min-hydrolyzed RNA. The labeled oligonucleotides were located by radioautography and identified by their positions on the chromatograms. Complete details of the procedure are presented elsewhere together with the methods for verifying the sequences and extension of the nucleotide sequence at the EcoRI site of SV40 DNA (Garfin, Boyer, and Goodman, manuscript in preparation). We identify only those oligonucleotides pertinent to our discussion to simplify the figure. All 3 and 4), confirms the tetranucleotide sequence obtained by 5'-end labeling (see above) and also determines the nucleotides on the 5'-side of the phosphodiester bond cleavage; dN in the sequence d(N-A-A-T-T) is 59.2% dG, 26.1% dA, 14 .2% dT, and 0.55% dC.
We have not obtained conclusive evidence that the sequence d(pA-A-T-T-G) (from 5'-terminal labeling analysis) occurs at an EcoRI* cleavage site. However, weak spots in the fingerprints of EcoRI*-treated pMB1 and SV40 DNAs may be d(pA-A-T-T-G), and together with the nearest Separate aliquots of EcoRI*-digested pMB1 DNA were incubated at 370 with ASV polymerase in 0.1 M Tris-HCl, pH 8, 0.01 M MgCl2, 0.2% 2-mercaptoethanol containing the deoxyribonucleoside trisphophates listed in columns 2 and 3 at 4-10 gM. Reactions were allowed to proceed 2-3.5 hr. The 50 gl 32P-reactions (Nos. 3 and 4) were sampled to test for acid-insoluble products and then passed through 0.8 x 18 cm columns of Sephadex G-75 in 0.1 M NaCl. Incorporation of label (column 4) was estimated from measurements of acid-insoluble radioactivity. Labeled DNA was precipitated twice from 70% ethanol and then digested to nucleoside 3'-monophosphates with micrococcal nuclease followed by spleen phosphodiesterase. The resultant mononucleotides were separated by electrophoresis at pH 3.5 (5% acetic acid, 0.5% pyridine) on Whatman 3MM paper and identified by radioautography. (21, 22) . The observations presented here suggest that this activity was that now referred to as EcoRI*.
The set of sequences recognized by the EcoRI* endonuclease activity is defined by the tetranucleotide sequence
is one of the 10 unique (of sqecd(N-C-T-T-A-A-G-N) 16 possible) hexanucleotiie sequences containing the core tetranucleotide and the most rapidly cleaved under all conditions examined. The propensity of the EcoRI* activity to cleave certain sites in DNA faster than others is indicated by the rate of appearance and disappearance of DNA fragments during a digestion (see Fig. 2 ). Thomas and Davis (23) have observed that the rates of EcoRI endonuclease cleavage of the standard EcoRI site in phage lambda DNA also vary. This suggests that nucleotides beyond the hexanucleotide sequence have a moderate influence on the probability of cleavage by the EcoRI endonuclease. It will be interesting to determine whether the hierarchy of recognition under EcoRI* conditions proceeds first through the other symmetrical members of the set of hexamers or if preference exists for certain arrangements of pyrimidines or purines at the outside positions. Examination of 5' terminal sequences resulting from EcoRI* cleavage of pMB1 DNA demonstrates that recognition can occur at sequences which are nonsymmetrical beyond the tetranucleotide sequence. This conclusion is based on finding the 5' terminal sequence d(pA-A-T-T-G) in EcoRI* digest of pMB1 DNA. Since the canonical EcoRI sequence is methylated in this DNA, d(pA-A-T-T-C) must be generated from a sequence which is nonsymmetrical beyond the central tetranucleotide.
At this time we can conclude that both the EcoRI (Greene, unpublished) indicate that a corresponding EcoRI* methylase activity may be associated with the purified EcoRI methylase. The susceptibility of EcoRI-modified pMB1 DNA to the EcoRI* endonuclease indicates that in vivo EcoRI methylase does not extensively modify the sequences cleaved by the EcoRI* endonuclease. Presumably, the EcoRI* endonucleolytic activity is normally prevented in vivo as a result of ionic conditions which exist within the cell. However, it is possible that under certain in vivo conditions the EcoRI* activity may function to provide a specialized recombination pathway in bacteria (15) . Finally, we suggest that the range of sequence specificities of other restriction endonucleases can be altered by the ionic environment of the reaction in vitro. If this is the case, the utility of these enzymes will be significantly extended.
